Extracts prepared by culturing ten filamentous fungi from Aspergillus and Eurotium species isolated from dried bonito (katsuobushi) were examined for 1,1-diphenyl-2-picrylhydrazyl (DPPH) radical scavenging capacity. The extracts prepared by culturing E. herbariorum NE-1 and NE-4, which are used in the molding process for the manufacture of karebushi (a kind of katsuobushi), were shown to have higher activity than the others. Five antioxidants were isolated from the extracts and identified as isodihydroauroglaucin (IDAG), auroglaucin (AG), dihydroauroglaucin (DAG), tetrahydroauroglaucin (TAG), and flavoglaucin (FG) by 1 H-NMR, 13 C-NMR, and EI-MS analyses. Compared with -tocopherol, the isolated antioxidants exhibited high antioxidative activity for the radical scavenging capacity of DPPH and superoxide, but low activity for inhibiting the autoxidation of docosahexaenoic acid (DHA). The isolated antioxidants were produced by the Eurotium species, but not by the Aspergillus species. DAG and TAG exhibited higher radical scavenging capacity than the other antioxidants and were abundantly contained in the extracts of E. herbariorum NE-1 and NE-4.
The oxidative stress generated by excess reactive oxidative species in vivo has been reported to oxidatively modify carbohydrates, lipids, proteins and nucleic acid, and to bring on cancer, arteriosclerosis, and complicating disorders of diabetes mellitus. 1) Antioxidants have been shown to have a suppressive effect on oxidative stress in vivo and are related to the prevention of these diseases.
2) Functional foods which contain antioxidants and have a suppressive effect on oxidative stress have been promoted for the prevention of life-style diseases and for general good health. Antioxidants, which are able to be applied as functional foods, have been explored and evaluated for their efficacy and safety. 3, 4) The taste, color, and flavor of foods are altered by oxidative damage, which is caused by free radicals arising from the reaction of lipid peroxidation and so on, during their storage period. Moreover, oxidative damage debases the quality, nutrition, and biofunction of foods. Processed foods are treated by adding such antioxidants as -tocopherol and ascorbic acid to prevent oxidative deterioration. 5) Traditional Japanese fermented foods, including rice wine (sake), distilled spirit (shochu), and soy paste (miso), are manufactured by fermentation, using microorganisms of such filamentous fungi as the Aspergillus species. Fermented foods maintain their favorable qualities, even though they seem to suffer from some oxidative damage during long fermentation periods, and they have been reported to have an antioxidative function and contain antioxidants. 6, 7) Filamentous fungi are thought to be related to the preservation of fermented foods from oxidative deterioration by the production secondary metabolites having antioxidative activity or by the conversion from ingredients in food to potent antioxidants. [8] [9] [10] Fermented foods have been evaluated from biofunctions in vivo for their role in the promotion of health or the prevention of life-style diseases. 11, 12) Furthermore, filamentous fungi have been used for the manufacture of fermented food for many years, and the fungi have been authorized as generally recognized as safe (GRAS).
Katsuobushi is boiled in water, and the resulting extract is used as a traditional seasoning in Japan. There are two types of katsuobushi: ''arabushi,'' which is produced by smoking after boiling, and ''karebushi,'' which is produced from arabushi by a molding treatment. The molding step is a kind of fermentation by the Aspergillus and Eurotium species. 13, 14) Many filamentous fungi participate in the fermentation process of karebushi. E. repens, which is isolated from karebushi, has been reported to produce an antioxidant. 15) However, other filamentous fungi of karebushi or katsuobushi are not well known. In this study, we examined the filamentous fungi that participated in the molding of katsuobushi for the production of antioxidants.
Ibaragi, Japan), KBN (Bioc Co., Aichi, Japan), and NE (Ninben Co., Tokyo, Japan). The reagents used in this study were of analytical or HPLC grade (Wako Pure Chemical Industries, Osaka, Japan).
Preparation of extracts by culturing filamentous fungi. Filamentous test fungi were precultured in a medium for 7 d at 30 C. Thereafter, the spores of the filamentous fungi were inoculated into a slant medium, which had been added to 5 ml of the culture medium in a test tube (18 Â 180 mm), and cultured for 7 d at 30 C. Next, 7.5 ml of methanol was added to each test tube, before being ultrasonicated for 30 min. Each filamentous fungus extract was obtained from the supernatant after centrifugation at 15,000 rpm for 5 min. The Aspergillus and Eurotium species were respectively cultured with PDA and M40Y media (malt extract (20 g ), yeast extract (5 g), sucrose (400 g), agar (20 g), and distilled water (1.0 liter)).
Isolation of the antioxidants. E. herbariorum NE-1 and NE-4 were inoculated into a Y40M medium in 20 Petri dishes (90 Â 15 mm) and cultured at 30 C for 7 d. The fungi and cultured media were extracted with 2.0 liters of methanol at room temperature for 24 h. The extract was concentrated under reduced pressure and loaded into an absorbent resin column (37 Â 500 mm, Amberlite XAD-2 resin, Rohm and Haas Co., Philadelphia, USA). The column was washed with 2 liters of 30% methanol and eluted with 2 liters of 100% methanol. The fraction was concentrated under reduced pressure and applied to preparative HPLC (LC-8A, Shimadzu Co., Kyoto, Japan) which was carried out with a YMC-ODS column (YMC-Pack ODS-A, 20 Â 250 mm, S-5 mm, YMC Co., Kyoto, Japan), UV detection at 280 nm, a mobile solvent of 90% methanol, and a flow rate of 10 ml/min at room temperature. The fractions separated by preparative HPLC were checked for antioxidative activity by a 1,1-diphenyl-2-picrylhydrozyl (DPPH) radical scavenging assay. Five antioxidants (IDAG, AG, DAG, TAG, and FG) were isolated in amounts of 16.0 mg, 18.9 mg, 15.7 mg, 28.2 mg, and 16.2 mg, respectively. Their purity was confirmed to be more than 99% by an HPLC analysis.
DPPH radical scavenging activity. DPPH radical scavenging capacity was measured according to the standard method. 16) A 100-ml amount of 0.13 mg/ml of DPPH dissolved in ethanol, 80 ml of a 0.1 M TrisÁHCl buffer (pH 7.4), and 20 ml of the sample were mixed. Extracts prepared by culturing each of ten filamentous fungi, which had been isolated from katsuobushi, were diluted with equal parts of methanol and added in this assay. After a 1-h incubation at room temperature, the absorbance (A 517 ) was recorded. The negative control was run with a sample solvent. The activity was calculated from the percentage decrease with respect to the negative control value. Each data value is shown as the mean AE SD (N ¼ 3{4). A statistical analysis was conducted by two-way ANOVA and a subsequent Scheffe test to identify significant differences. A 5% significance level (P < 0:05) was used to determine positive differences from the control medium.
The isolated antioxidants and standard antioxidants, -tocopherol and trolox, were dissolved in methanol and added in the assay. The EC 50 value used to evaluate the antioxidative capacity was the effective concentration at which 50% of DPPH free radicals were scavenged. Each data value is shown as the mean AE SD (N ¼ 3).
Superoxide radical scavenging activity. The superoxide radical scavenging capacity of each antioxidant dissolved in methanol was measured with a commercial kit (SOD assay kit-WST, Dojindo Molecular Technologies, Gaithersburg, MD, USA).
17) The negative control was run with methanol as the sample solvent, and the antioxidants, trolox and -tocopherol, served as positive controls. The EC 50 value used to evaluate the antioxidative capacity was the effective concentration at which superoxide radicals were scavenged by 50%. Each data value is shown as the mean AE SD (N ¼ 3).
Inhibitory effect of DHA autoxidation. The inhibitory effect of lipid autoxidation on the antioxidative activity was measured by using docosahexaenoic acid (DHA) as a substrate. The assay was carried out by the method of Emmons et al. (1999) with some modifications. 18) -Carotene (3 mg) was dissolved in 30 ml of chloroform, and 3 ml of the solution was added to 40 mg of DHA and 400 mg of Tween 40. Chloroform was removed under nitrogen gas. Distilled water (100 ml) was added, and solution was mixed well. Aliquots (240 ml) of the -carotene/DHA emulsion were mixed with 10 ml of a sample (25 mM) and incubated at 50 C. Oxidation of the emulsion was monitored spectrometrically by measuring the absorbance at 470 nm over a 60-min period. Each sample was dissolved in methanol. The control sample contained 10 ml of methanol in place of the sample. The antioxidative activity is expressed as the percentage inhibition relative to the control after a 60-min incubation. -Tocopherol and trolox were used as the reference antioxidants.
Determination of the antioxidants by HPLC. The content of each isolated antioxidant was determined by HPLC (900 series, Jasco Co., Tokyo, Japan), using a YMC-ODS column (YMC-pack 4:6 Â 150 mm, S-5 mm, YMC Co., Kyoto, Japan), UV detection at 280 nm, mobile solvents of 85% methanol and 15% water containing 5% acetic acid, a flow rate of 1 ml/min, and a column temperature of 40 C. The t R values of IDAG, AG, DAG, TAG, and FG were 7.07 min, 8.02 min, 9.48 min, 11.04 min, and 11.55 min, respectively. Each value is shown as the mean AE SD (mg/g of sample, N ¼ 3).
Instrumental analysis of the antioxidants. The UV-vis absorption spectrum for each sample dissolved in methanol was recorded by a spectrophotometer (Hitachi U-2000, Hitachi High-Technologies Co., Tokyo, Japan).
1 H-NMR and 13 C-NMR spectra were recorded by a JNM-ECP-500 (Jeol) instrument (500 MHz for 1 H and at 125 MHz for 13 C, Jeol, Tokyo, Japan). The EI-MS data were obtained with a Jeol JMS-700 spectrometer (Jeol, Tokyo, Japan). 
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Results and Discussion
Antioxidative activity of the extracts prepared by culturing filamentous fungi
Ten filamentous fungi of four Aspergillus species and six Eurotium species were isolated from katsuobushi. The ten extracts were examined for their antioxidative activity by measuring their DPPH radical scavenging capacity ( Table 1) . The extracts of Aspergillus species did not show significantly high activity when compared with the control sample of the PDA medium. However, the extracts of all Eurotium species showed significantly higher activity than the control sample of the M40Y medium (P < 0:05). In particular, E. herbariorum NE-1 and NE-4 exhibited higher activity than the other fungi. A. repens (E. repens) MA0197, which was isolated from karebushi, has been reported to produce neoechinulin A, an antioxidant, 15) but the extracts of E. repens JCM23060 and KBN2062 had low activity compared with E. herbariorum NE-1 and NE-4 in the present study. E. herbariorum NE-1 is a fungus used for karebushi preparation by the Japan Katsuobushi Association (Tokyo, Japan). We speculate that abundant or potent antioxidants were produced by E. herbariorum NE-1 and NE-4 which are widely used in the manufacture of karebushi.
Identification of the antioxidants produced by filamentous fungi of katsuobushi
The HPLC analysis shows that profile of the E. herbariorum NE-1 extract was similar to that of E. herbariorum NE-4. Each peak in the two extracts was separated by preparative HPLC and examined for its DPPH radical scavenging capacity. Five antioxidants were isolated from the extract; they were assigned and identified as isodihydroauroglaucin (IDAG), 19) auroglaucin (AG), 20) dihydroauroglaucin (DAG), 21) tetrahydroauroglaucin (TAG), 22) and flavoglaucin (FG) 23) by reference to reported data from 1 H-NMR, 13 C-NMR, and EI-MS analyses (Fig. 1) . Their structures were fully characterized on the basis of spectroscopic data, especially by using the 2D NMR spectrum, and were identified by comparing the 1 H-NMR and MS spectra with those data reported in the literature. [19] [20] [21] [22] [23] IDAG, AG, DAG, TAG, and FG have been reported to be secondary metabolites produced by filamentous fungi of A. ruber, 19) A. amstelodami, 20) A. chevalieri, 21) Penicillum charlesii, 22) and E. repens, 23) respectively. All compounds were disubstituted gentisaldehyde (2,5-dihydroxybenzaldehyde) derivatives with a prenyl group at C-3 and a seven-carbon unbranched aliphatic chain at C-6 in the molecule. The seven-carbon aliphatic chain of the compounds was either a saturated type or unsaturated type, differing according to the number and substitution of the double-bond configuration. IDAG and DAG were constitutional isomers.
The content of compounds in each extract prepared by culturing the ten filamentous fungi isolated from katsuobushi was determined by an HPLC analysis (Table 2) . Five antioxidants were detected in extracts of the Eurotium species, but not in extracts of Aspergillus. They were abundant in the extracts of E. herbariorum NE-1 and NE-4, showing high antioxidative activity (Table 1 ). E. herbariorum NE-1 and NE-4 abundantly produced antioxidants, the concentration of the antioxidants (IDAG, AG, DAG, TAG, and FG) in the extracts being relate to the antioxidative activity. The activity of the extracts prepared by culturing of E. herbariorum NE-1 and NE-4 was compared with that of solutions of same concentration of the antioxidants. The contribution rate of the antioxidants for the activity of the extracts from E. herbariorum NE-1 and NE-4 was 82:3 AE 4:7% and 85:8 AE 3:5%, respectively. The isolated antioxidants seem to have been the main antioxidants in the extracts. These compounds have also been isolated from extracts of fungi of E. chevalieri IFO4086 and E. repens IFO4041 which were not isolated from katsuobushi. 24) In the present study, they were found to be produced by Eurotium species which were isolated from katsuobushi such as E. chevalieri JCM23047, E. chevalieri NBRC4090, E. repens JCM23060, and E. repens KBN2062. For the first time, antioxidants were found to be abundantly produced from E. herbariorum NE-1 and NE-4 which have long been used to manufacture karebushi, a kind of katsuobushi. The five antioxidants were detected when the extracts prepared by culturing the filamentous fungi isolated from commercial karebushi, which had been produced at Shimizu and Makurazaki in Japan, were analyzed by HPLC (data not shown). The results suggest that these antioxidants might play a role in the manufacturing process of karebushi.
Activity of the antioxidants isolated from filamentous fungi of katsuobushi
The antioxidants isolated in the present study have been reported as synergistic agents of the -tocopherol antioxidant in a lipid peroxidation assay.
24) The antioxidants have not been worked up for radical scavenging activity, although IDAG and FG, which were isolated from the Microsporum species of a marine-derived fungus, have been reported to exhibit DPPH radical scavenging activity. 25) Therefore, five antioxidants were assayed for their antioxidative activity by measuring the scavenging capacity of DPPH and superoxide radicals (Table 3 ). In the present study, the compounds (IDAG, AG, DAG, TAG, and FG) exhibited high activity when compared with -tocopherol, a standard antioxidant for the scavenging capacity of the DPPH radical. AG, DAG, TAG, and FG exhibited high activity compared with trolox, although IDAG had similar activity to trolox as a standard antioxidant. The five antioxidants were also found to have high superoxide radical scavenging activity comparable with -tocopherol and trolox. This study demonstrated that they are potent antioxidants having radical scavenging capacity for DPPH and superoxide. Both the DPPH and superoxide radicals were scavenged more by DAG and TAG than by IDAG, AG, and FG. The structures of 1 0 -monoene or 1 0 ,3 0 -diene in the substituent formed by the seven-carbon aliphatic chain of DAG and TAG seemed to be related to this high radical scavenging activity (Fig. 1) . We thought that the electrophilic nature of 5-OH, which was afforded by the Each data value is presented as the mean AE SD (N ¼ 3).
C-1 0 /C-2 0 double bond, may have played a role in the radical scavenging activity. IDAG and FG have been reported for their DPPH radical scavenging activity. 25) In the present study, IDAG and FG exhibited similar activity, although this was weak compared with the other compounds.
The lipids in karebushi are presumed to be oxidized during the manufacturing process because the fermentation on molding takes several months at 25 C. 14) DHA comprises 31.4% of the total fatty acid of arabushi and has the highest content of fatty acids.
26) The isolated antioxidants were examined for their antioxidative activity in the assay for the inhibitory activity of lipid peroxidation which is caused by the autoxidation of DHA ( Table 4 ). All of them exhibited an inhibitory effect of DHA autooxidation, although individual compounds had lower activity than -tocopherol and trolox. The antioxidants produced by the Eurotium species were presumed to contribute to the preservation of karebushi from oxidative damage by acting together. FG and its related compounds were found to be synergistic agents of the -tocopherol antioxidant in an assay of lipid peroxidation, using the active oxygen method (AOM) and a substrate of lard. 24) However, the isolated antioxidants were shown not to have a synergistic effect, but rather an additive effect in the assay of present study (data not shown). We think that the isolated antioxidants may act in cooperation with -tocopherol, which is contained in arabushi, to inhibit lipid oxidation during the manufacture of karebushi, although the relationship between the antioxidative activity of the isolated antioxidants and -tocopherol in karebushi needs further research. It has been reported that FG repressed azoxymethane-induced intestinal carcinogenesis in rats, and it has been suggested as a candidate for a chemopreventive agent against intestinal neoplasia.
27) The other antioxidants, derivatives of FG, are also expected to have this efficacy. Although much more study is required, it can be expected that the antioxidants isolated from filamentous fungi of katsuobushi may well have such biofunctions as the prevention of life-style diseases through their suppressive effect on oxidative stress. 
